There has been a growing interest in renewable energy sources from various part of the world over the past decades. One of the promising alternatives to fossil fuels is biomass and in all the common technologies of its conversion, pyrolysis is present atleast as a first stage of the conversion process. As part of the scientific studies and understanding of this very important process in the thermochemical conversion of the solid fuel, the development of good mathematical models which in consequent leads to the design of pyrolysis reactors and biomass gasifiers is paramount. However, due to the complexities of the biomass reaction scheme, the pyrolysis of biomass is generally modeled on the basis of apparent kinetics. Moreover, most of the past works were based on the overall pyrolysis kinetics, and studies concerning pyrolysis products are much less common. Therefore, this work presents the analytical solutions of the kinetics of pyrolysis of biomass particle under non-isothermal and isothermal heating conditions. The developed models were used to investigate the effects of heating conditions and heating rates on the pyrolysis of wood products. The comparison of the simulated results with the available results reported in literatures show good agreements were found. This work could be used in predetermining the biomass products concentrations under different heating conditions and the estimating the optimum parameters in the pyrolysis of biomass and in the design of some pyrolysis reactors/units.
Introduction
The present global energy crisis has increasingly and rapidly aroused the interest in the renewable energy sources. In the options of the renewable energy sources, it is found that one of the promising alternatives to fossil fuels is biomass, in which in all the common technologies of its conversion, pyrolysis is present atleast as a first stage of the conversion process. Pyrolysis is a process by which a solid fuel (biomass or coal) thermally decomposes in the absence or under limited supply of oxygen/air to char, tar and gaseous products. This process plays a vital role in the thermochemical conversion processes of soli biomass. Also, the study of biomass gasification processes requires a detail understanding of the pyrolysis process and the behaviour of the biomass particles in the reacting medium. On carrying out such studies, it is established that the overall process of pyrolysis appears simple but the sequence of reactions is complex and involves both endothermic and exothermic processes whose thermodynamics and kinetics are poorly understood (Pyle and Zaror, 1984) . Under such complex phenomena, it is impossible to formulate a complete mathematical model of pyrolysis which will still be mathematically tractable. As a compromise between mathematical tractability and accuracy of description, simplified models are employed under certain defined conditions to predict the conversion process of biomass particle. In fact, the need for the simple rationally-based models of pyrolysis as a basis for reactor design has been identified in the survey of low temperature (i.e. less than 600 o C) pyrolytic conversion of biomass to usable forms of energy since the complications involved in the numerical solution of a more sophisticated models make them unsuitable for design and prediction purposes (Pyle and Zaror, 1984) . One angle of approach had been adopted to develop simple and economic models which aggregate the more important aspects of the sequence of events as a solid sample is pyrolysed. The kinetics of the pyrolysis process can be studied under non-isothermal or isothermal conditions. During the non-isothermal condition, pyrolysis temperature is progressively increased with increasing heating time using a specified heating rate, while isothermal condition maintains a selected constant temperature in a pyrolyzing chamber. In describing pyrolysis behaviour of biomass particles under such conditions a number of pyrolysis kinetic studies and models have been proposed (Gronli et al. (2002) ; Guo and Lau (2001) ; Koufopanos et al. (1989) ; Vamvuka et al. (2003) ; Williams and Besler (1994) ; Thurner and Mann (1981) ; Font et al. (1990) ; Di Blasi and Russo (1994) , Boroson et al. (1989) ). Babu and Chaurasia (2002) studied numerically the effects of heating conditions, heating rates and order of the kinetic reactions on wood pyrolysis using the two-step model of Koufopanos et al. In the study of pyrolysis reaction temperature, Sheth and Babu (2006) presented that pyrolysis in wood is typically initiated at 200°C and lasts till 450-500°C, depending on the species of wood. Yang et al (2006) presented that the major stage of biomass pyrolysis occurs between 250-450 o C while Weerachanchai et al (2010) presented a study on the effects of biomass type (cassava pulp residue, palm kernel cake, palm shell, coconut shell and longan fruit seed), particle size (106-1325μm) and heating rate (5-40°C/min) on the thermal decomposition behaviour and submitted that the major decomposition of all biomasses occurred in the range of 250-400 o C. Recently, Katarzyna et al (2011) concluded in their studies of poplar wood, that the decomposition of hemicelluloses and cellulose take place in active pyrolysis in the temperature from 473-653K and 523-623K, respectively. They then added that Lignin decomposes in both stages: active and passive pyrolysis in the range from 453-1173K without characteristics peaks.
In providing solutions to the kinetics of pyrolyzing solids in most published literature by past workers, recourse had been made to numerical methods (approximation methods) because of the non-linear nature of the developed kinetics models adopted in their works. Moreover, most of the past works carried out were based on overall kinetics, and the studies concerning pyrolysis products are much less common. As a mean of investigating and presenting the exact effects of various parameters in the pyrolysis kinetics, this study presents the closed solutions of pyrolysis kinetics of wood. Simulations were carried out to investigate the effects of both isothermal and non-isothermal heating conditions pyrolysis kinetics of wood products. Owing to the better predictions of the analytical results than the numerically predicted results as compared to experimental data, these presented model solutions will be very useful in the design of industrial pyrolysis units.
The Theorectical Background
Heat is transferred to the biomass particle surface from gaseous surrounding by conduction, radiation and/ or convection and then to the interior of the particle mainly by conduction. The temperature inside the particles increases as the heat penetrates more into the interiors of the solid causing moisture evaporation i.e. drying off the moisture. The rate of drying depends upon the temperature, velocity, and moisture content of the drying gas, as well as the external surface area of the feed material, the internal diffusivity of moisture and the nature of bonding of moisture to that material, and the radiative heat transfer. As the temperature increases, biomass particle decomposes into charcoal, tar and gaseous products. The amounts of each of these products vary depending on the zone temperature, rate of heating, structure, and composition and size of catalysts.
Kinetic Models and Solutions
The kinetic scheme as shown in fig.1 describes the process of pyrolysis (primary and secondary) which involves thermal decomposition of biomass into gases, tar (liquid product of biomass pyrolysis, known as bio-oil or pyrolysis oil) and char, and the tar further decompose into char and gases This two-stage parallel reaction model of biomass pyrolysis has previously been used by other researchers (Shafizadeh and Chin, 1977; Thurner and Mann, 1981; Chan et al., 1985; Font et al., 1990, Di Blasi ; Janse et al, 2000 , Yang et al, 2006 . According to the twostage parallel reaction model, the biomass undergoes thermal degradation according to primary reactions (k1; k2; k3) giving gas, tar and char as products. Tar may undergo secondary reactions (k4, k5). This model shows to be the most classical models for wood pyrolysis (Prakash and Karunanithi (2008) ).
The kinetic equations of pyrolysis, the heat transfer model and the corresponding initial and boundary conditions are given as
The chemical equations for these thermal decompositions are given below;
The primary pyrolysis (1) The secondary pyrolysis (2) The kinetic equations of pyrolysis and the corresponding initial and boundary conditions are given as Sobamowo, S. J. Ojolo, A. J. Kehinde, and C. A. Osheku / American Journal of Biomass and Bioenergy (2016) Vol. 5 No. 1 pp. 1-23
The initial conditions for the kinetic equations are; (4) For the Isothermal condition, T=To (5) Srivastava (1996) assumed that in the thermo-gravimetric analysis, the temperature and time have a linear relationship (non-isothermal heating condition). This therefore led to the appropriate representation to describe the Srivastava's assumption as; (6) Where To is the initial temperature in K, β is the heating rate in K/s and t is the time in s. So,
On solving the resulting kinetic equation using Laplace transform, we arrived at Sobamowo, S. J. Ojolo, A. J. Kehinde, and C. A. Osheku / American Journal of Biomass and Bioenergy (2016) Table 1 and Table 2 show the parameters used for the simulations of the kinetics during the pyrolysis of wood.
Results and Discussion

Effects of isothermal heating temperature on pyrolysis yields.
According to the two-stage parallel reaction model used in this work, as the pyrolysis zone temperature increases, the biomass undergoes thermal degradation according to primary reactions giving gas, tar and char as products. Tar also undergoes secondary reactions to give gas and tar. Since the amounts of each of these products vary depending mainly on the zone temperature, rate of heating and the size of the particle, the parametric studies of these factors were carried out. Fig. 2a-d show the effects of isothermal heating temperature (where the pyrolysis temperature is maintains a selected constant temperature in a pyrolyzing chamber) on the pyrolysis yield as predicted from the developed model in this study. From the results, thermal decomposition takes more time at temperature of 474 K and 573 K than that of higher isothermal heating temperature of 673 K and 773 K for the biomass particle of the same size. The figures clearly depict that low temperature pyrolysis produces more char and high temperature pyrolysis enhances the production of gas and tar, i.e. an increase in the isothermal heating temperature increases the yield of gaseous products and the decreases char production. The reduced production of tar and gas at low isothermal heating temperature may be due to some resistances to mass or heat transfer inside the particles of the biomass which can be broken by high heating temperature thereby resulting in greater primary decomposition of the sample and higher production of gas and tar at the higher temperature. In each case of the isothermal heating, as the pyrolysis reaches completion, the char production becomes constant. Also, the results show that the tar rate yield increases first and then decreases and the gas yield increases as the pyrolysis temperature increases, but the char yield significantly decreases as the isothermal temperature increases to 573 K and 673 K. The decrease in the tar yield and sudden increase of gas yield observed at higher temperature may be due to secondary cracking of the pyrolysis liquid in to gaseous product at higher temperature. It could also be deduced from the results that the time required to obtain a certain conversion level decreases with increasing isothermal heating temperature. 
Effects of Non-isothermal heating rates on biomass pyrolysis yields
As pointed out in the previous section, heating rate is one of the important parameter for the yield of different products from the pyrolysis process. To determine the effects of heating rate on the yields of the biomass pyrolysis , simulations were carried out for different heating rates of 10, 20, 30, 40, 50 K/s as shown in Fig. 4a -j show the effects of non-isothermal temperature on pyrolysis yields as a function of temperature at an initial particle temperature of 373 K. From the figures, the drying or pre-pyrolysis process are shown as zero rate of production and conversion of the products from 0-120 s and 303-473 K which validates the fact that pyrolysis process actually commenced at about 473K as stated in literatures. It is surprising to see that at any heating rate, the production rate of char is higher than that of tar and gas. This may be due to the increase in the resistance for mass and heat transfers offered by the thick layer of the dried biomass i.e. for the gas and tar to evolve from the particle, they have to travel through a dried layer of the biomass which in consequence, comparably reduces their production rates. Also, it should be noted that increasing the heating rates reduces the particle residence time and as the heating rate are increased, the residence time of volatiles at low or intermediate temperatures decreases. Most of the reactions that favour tar conversion to gas occur at higher temperatures. At low heating rates, the volatiles have sufficient time to escape from the reaction zone before significant cracking can occur. Also, most of the decomposition takes place at temperatures lower than 500 K, and no more significant decomposition is produced above 750 K. On comparing these results with that of isothermal heating conditions, it is shown that the amount of char produced in the non-isothermal heating conditions is lower than in the isothermal heating conditions. This is because the isothermal conditions were carried out at relative low temperature and the residual solid contains compounds that evaporate at higher temperatures. The tar yield was low at lower heating rate and slightly increases with increase in heating rate. The gas yield increases with increase in heating rate while the char yield decreases significantly with increase in heating rate. The increasing of the tar yield with the increase of heating rate may be due to some resistances to mass or heat transfer inside the particles of the biomass, but increasing the heating rate breaks the heat and mass transfer limitation in the pyrolysis and thereby increasing the tar yield and decreasing char formation. From the Figs. 4a-j, the rate of char production increases gradually between the particle temperatures of 500 K and 573 K, and as the particle temperature increases, as gases and tar evolve from the biomass particle and consequently, the rate of char production increases rapidly from the particle temperature of 500 K to 723 K, after which there is a decrease in the production rate of char (due to the loss of H and O contents of the char at high temperatures) till the whole wood has been pyrolysed . This shows that pyrolysis process is slowed down from 723-873 K (depending on the heating rates). It could also be inferred from the results that the primary pyrolysis rate of tar production starts gradually from about 573 K till 753 K (depending on the heating rates) and then increases rapidly till the whole tar has been converted to char and gas at the final pyrolysis temperature. The extension of the rate-temperature figure to the negative portion of the graph depicts the conversion rate of tar to char and gas.
Effects of heating rates on the biomass decomposition
Figs. 5a-f show the effects of heating rates on the thermal decomposition of biomass particles. The first region 400-525 K is related to the extraction of moisture and absorbed water in the biomass. The main pyrolysis proceeds in the temperature range of 525K-875 K. The water evaporation region does not vary because the heating rate used for the dehydration was identical for each analysis as shown in Fig. 5d . These results were validated by the conclusions of the past workers. As depicted in the figures, as the heating rate increases, the final pyrolysis time decreases significantly while increases biomass pyrolysis rate and final pyrolysis temperature i.e. the starting and final temperature of the active and passive biomass pyrolysis region increase. At low heating rate, a longer instantaneous thermal energy is provided and consequently a longer time is required for the decomposition of the biomass to gas, tar and char. Higher heating rate has a short reaction time and the temperature needed for the biomass to decompose is also higher and this causes the rate curves ( Fig. 5d-f ) to shift to the right as the heating rate increases. The shifting of the rate curve to the right as the heating rates increases is due to different heat transfer and kinetic rates delaying the biomass decomposition. It may also be caused by larger temperature gradient between the surface and inside the particles which will cause a lower average temperature inside the particle for the same pyrolysis temperature and then resulting in the increase of thermal hysteresis. The effects of heating rates on gas production in pyrolysis zone are shown in Fig. 6a-f . From these results, an increase in the heating rate increases the production of gas in the pyrolysis zone. Also, the production of gas increases with time and temperature especially for a prolong residence time at low heating rate. The gas production increased predominantly in the temperature range of 650-825K at higher heating rates because of the cracking or secondary pyrolysis of the heavy hydrocarbons tar which produces gas and char that are added to the char and gas produced at lower heating rates due to primary pyrolysis of biomass. Although, the production and concentration of the gas increases with time and temperature, the final pyrolysis time decreases while the final pyrolysis temperature increases with increase in the heating rate. . G. Sobamowo, S. J. Ojolo, A. J. Kehinde, and C. A. Osheku / American Journal of Biomass and Bioenergy (2016) Vol. 5 No. 1 pp. 1-23 16 
Effects of heating rates on tar production and conversion
From the Fig. 6g -l it could be deduced that at temperature 673, 725, 733, 745 and 750 K for the different heating rates of 10, 20, 30, 40 and 50K/s which signify the end of primary pyrolysis, based on the two-step kinetic model used in this work, the secondary pyrolysis commenced. As shown in the figures, the increase in the heating rate reduces the final pyrolysis time and increases the final pyrolysis temperature. This occurrence may be caused by some resistances to mass or heat transfer inside the particles of the biomass, but increasing the heating rate breaks the heat and mass transfer limitation in the pyrolysis and thereby increasing the tar yield. 
Effects of heating rates on char production and conversion in pyrolysis zone
As shown in Fig. 7a -f, the concentration of char increases rapidly from the final drying temperature until the pyrolysis reach peak temperature of 753, 773, 800, 813 and 833K for the heating rates of 10, 20, 30, 40 and 50K/s respectively. Thereafter, the char concentrations continue to fall. This might be due to the fact that the combustion/gasification of char has commenced at these temperatures since the processes (drying, pyrolysis, combustion and gasification) involved in the thermochemical conversion of biomass occur simultaneous at some overlapping temperatures, and the 
Effects of heating rates on particle residence time
The effects of heating rates on the particle residence time are shown in Fig. 8a-d . For the low heating rates of 0.01-0.1K/s in Fig. 8a , it takes hours or days for the pyrolysis to occur and this will definitely enhance the production of charcoal as depicted in Table 5 .1. As the heating rates increases, the particle residence time in the reactor decreases and high heating rates favours the production of tar and gas. Therefore, as shown in the table, the length of heating and its intensity affect the rate and extent of pyrolytic reactions, the sequence of these reactions, and composition of the resultant products. Fig. 8a- Figs. 9a, 9b, 10a and 10b show the validation of the present study. Fig. 9a shows the model results of the effects of heating rates on char combustion rate in this present study while Fig. 9b reveals the experimental and model results of the effects of heating rates on char combustion rate as carried in the study by Branca and Di Blasi (2003) . It could be seen from the present study that the profiles and the trends in the of Branca and Di Blasi (2003) of Fig. 9b and 10b were accurately predicted by the profiles and the trends in the present study. Also, the final pyrolysis temperature which has been stated to be 873K in Fig. 10b of the work of Branca and Di Blasi (2003) , was established in the present study. Therefore, the present work is validated.
Conclusion
In this work, analytical solutions of biomass the pyrolysis kinetics of under non-isothermal and isothermal heating conditions were developed. The developed models were used to investigate the effects of heating conditions and heating rates on the pyrolysis of wood products. The comparison of the simulated results with the available results reported in literatures show good agreements were found. This work could be used in pre-determining the biomass products concentrations under different heating conditions and the estimating the optimum parameters in the pyrolysis kinetics of biomass and in the design of some pyrolysis reactors/units.
